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Abstract This paper presents a new approach to determine the optimal location of an Optimal Unified
Power Flow Controller (OUPFC) as an energy flow controller, under a single line contingency (N − 1
contingency), to satisfy operational decisions. A contingency analysis is performed to detect and rank the
faulted contingencies on the basis of their severity in electrical energy transmission systems.Minimization
of the average loadability on all energy transmission lines is considered as the optimization objective
function, while the network settings are set to minimize active power losses under pre-contingency
conditions. The optimization problem is modeled using a Non-Linear Programming (NLP) framework and
solved using the CONOPT solver. The proposed algorithm is implemented in MATLAB and GAMS software
on the IEEE 14- and 30-bus test systems. The simulation results demonstrate the effectiveness of the
proposed algorithm in enhancing energy system security under a single line contingency. Furthermore, the
OUPFC is outperformed by a Unified Power Flow Controller (UPFC) in normal and contingency operations
of electrical energy transmission systems, from technical and economical points of view.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The reliable and secure operation of power systems is
an important task for operators to supply the electrical
energy demand under normal and contingency conditions.
This is ensured by utilizing Flexible AC Transmission System
(FACTS) controllers for some operating conditions. Many FACTS
controllers have been proposed and implemented to control
the power system under normal states, as well as under
contingency conditions. One of the most brilliant of these
energy flow controllers in helping to operate the power system
reliably and securely is the Unified Power Flow Controller
(UPFC) proposed by Gyugyi in 1991 [1]. The other most
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http://dx.doi.org/10.1016/j.scient.2013.04.007significant energy flow controller to improve the power system
operation technically and economically is the Optimal Unified
Power Flow Controller (OUPFC), which is composed of a
conventional Phase Shifting Transformer (PST) and a UPFC. The
steady-state model of OUPFC and its operational characteristics
have been introduced in [2].
The power system consists of both normal and abnormal
system performances. Complex studies have been carried out
on normal and abnormal performances of a power system,
and also in the present and future functioning of the electrical
energy system. One of the abnormal performances of electrical
energy transmission systems refers to the occurrence of
contingencies. The contingency analysis is very important
when future conditions are uncertain. Thus, contingency-
based planning reflects good energy management practices
and helps to create more resilient power systems. Also, it
tends to reduce costs, improve energy efficiency, and expand
the range of possible solutions compared with more rigid
planning. Many studies have been considered for realizing
how to enhance system security under contingencies. A Linear
Programming (LP)-based Optimal Power Flow (OPF) algorithm
for corrective FACTS control to relieve overloads and voltage
violations and tominimize average loadability on highly loaded
evier B.V. Open access under CC BY-NC-ND license.
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Optimization (PSO) and genetic algorithms are used to find
optimal location and parameter settings of the TCSC under
an N − 1 contingency, and the results of the two ways
are compared. An approach for selection of UPFC suitable
locations, considering normal and network contingencies,
after evaluating the degree of severity of the contingencies,
using fuzzy-based composite criteria, is used in [5]. Optimal
location and setting of TCSC under a single line contingency,
using Mixed Integer Non-Linear Programming (MINLP), are
presented in [6]. System static security has been enhanced via
optimal placement of TCSC to alleviate overloads during single
contingencies in [7]. In [8], the optimal location of STATCOM
and SVC, based on contingency voltage stability, has been
studied using Continuation Power Flow (CPF).
According to the specification of OUPFC and UPFC, their
utilization helps to reduce the power flows of the heavily-
loaded energy transmission lines. These energy flow controllers
are well capable of providing active and reactive power
control [9,10]. Therefore, the main contribution of this paper
is to optimally locate OUPFC and UPFC under a single line
contingency (N−1 contingency) to implement the contingency-
based planning that involves energy management solutions as
an alternative to rigid planning. The optimization framework
is mathematically modeled as Non-Linear Programming (NLP)
and solved using a CONOPT solver in the General Algebraic
Modeling System (GAMS) [11], while Matlab is only used
to feed parameters to the GAMS routine. The objective
function is chosen to minimize the average loadability on
all energy transmission lines, and to address dispatcher
concerns for operating the power system reliably, securely and
economically. The proposed algorithm is tested in IEEE 14- and
30-bus test systems. The simulation results show that OUPFC
and UPFC are able to significantly increase system security in
N−1 contingency states, even thoughUPFC is amore expensive
option than OUPFC. Moreover, in some contingencies, these
energy flow controllers will prevent network collapse.
The paper is organized as follows. Section 2 explains the
model of OUPFC and UPFC based on the power injection
model. In Section 3, the problem formulation, including the
objective function and constraints for the contingency analysis,
is developed. Section 4 contains simulation results followed by
conclusions.
2. Modeling of FACTS
In the following, the mathematical modeling of OUPFC and
UPFC is presented.
2.1. Modeling of OUPFC
The OUPFC is constructed from a PST and a UPFC linked by
two triple winding transformers. The PST, which is connected
to secondary windings of exciting and injecting transformers,
injects a voltage with a fixed phase to the transmission
line controlled by mechanical or static switches. The injected
voltage changes the transmission angle, depending on system
conditions. The UPFC, connected to a tertiary winding of
exciting and injecting transformers, consists of two voltage
source converters. The back-to-back converters are operated
from a common dc link provided by a dc storage capacitor.
The basic schematic of the OUPFC is presented in Figure 1. TheFigure 1: Per-phase schematic diagram of OUPFC.
Figure 2: The power injection model of FACTS devices.
power injectionmodel of the OUPFC is shown in Figure 2. Based
on this figure, one can reach the following formulations [2]:
Pss = −bskViVj sin(θi − θj + σ)− bsrViVj sin(θi − θj + γ ), (1)
Qss = −bsV 2i (k2 + r2)− 2bskrV 2i cos(σ − γ )− 2bskV 2i (σ )
− 2bsrV 2i cos(γ )+ bskViVj cos(θi − θj + σ)+ bsrViVj cos(θi − θj + γ ), (2)
Psr = −Pss, (3)
Qsr = bskViVj cos(θi − θj + σ)+ bsrViVj cos(θi − θj + γ ), (4)
where r is the radius of the UPFC operating region and γ is
the UPFC phase angle [12]. k is the transfer ratio of PST voltage
injection, with respect to the exciting transformer, and σ is
the PST phase angle [13]. Here, bs is 1/xS . Reactance xs is the
total circuit reactance (the transmission line reactance plus
the reactance of the injecting transformer). Vi, θi are voltage
magnitude and angle of bus i, respectively, and Vj, θj are the
voltage magnitude and angle of bus j, respectively.
2.2. Modeling of UPFC
The basic schematic of the UPFC is presented in Figure 3.
Also, the power injection model of the UPFC is shown in
Figure 2. According to the power injection model of UPFC, the
following formulation can be extracted [9,14]:
Pss = −bsrViVj sin(θi − θj + γ ), (5)
Qss = −bsrV 2i (r + 2 cos(γ ))+ bsrViVj cos(θi − θj + γ ), (6)
Psr = −Pss, (7)
Qsr = +bsrViVj cos(θi − θj + γ ). (8)
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3. Problem formulation
In this section, the optimization formulations, including
objective function and constraints, are discussed.
3.1. Contingency analysis procedure
A contingency is considered to be the outage of power sys-
tem facilities, e.g., generating units, power transformers or en-
ergy transmission lines (branch). A contingency analysis, as one
of the responsibilities of power system operators, is performed
to establish appropriate preventive and/or corrective actions for
each contingency. The purpose of this paper is to focus on single
line outage contingencies (N−1Contingency). For each line out-
age contingency in the power system, the average loadability on
all energy transmission lines is listed. The energy transmission
lines are ranked according to the severity of the contingency.
Then, the average loadability on all energy transmission lines is
obtained with optimal location of FACTS devices to have a vari-
ety of flexible and responsive solutions available.
3.2. The objective function
Keeping system security is one of the most important
tasks of power system operators under emergency situations.
Therefore, the optimization objective is chosen to minimize
average loadability on all energy transmission lines, in order to
maintain system security, as can be defined as [3]:
Z = 1
nl
nl
i=1
Si
Si,max
, (9)
where nl is the number of energy transmission lines; Si is
the apparent power flowing through the ith transmission line,
and Si,max is the maximum apparent power flow of the ith
transmission line.
Indeed, the apparent power flow of the transmission line
includes the apparent power flow from the sending end to the
receiving end, and vice versa, named Sisr and Sirs, respectively.
Therefore, the objective function can be rewritten as follows:
Z = 1
2nl
nl
i=1
Sisr + Sirs
Si,max
. (10)3.3. Constraints
Optimal Power Flow (OPF) and Power Flow (PF) problems
have two sets of constraints, including equality and inequality
constraints. These constraints can be described in the following.
3.3.1. Equality constraints
The OPF equality constraints are separated into two sets of
active and reactive power balance equations for each bus as
follows [15]:
PGi = PDi +
n
j=1
ViVjYij cos(αij + θj − θi),
∀i ∈ 1, 2, . . . , n (11)
QGi = QDi +
n
j=1
ViVjYij sin(αij + θj − θi),
∀i ∈ 1, 2, . . . , n (12)
where PGi and QGi are the generator real and reactive power
at bus-i, respectively, and PDi and QDi are the load real and
reactive power at bus-i, respectively. By adding FACTS devices,
the power balance equations will be changed as follows [9]:
PGi + PFACTSi = PDi +
n
j=1
ViVjYij cos(αij + θj − θi),
∀i ∈ 1, 2, . . . , n (13)
QGi + QFACTSi = QDi +
n
j=1
ViVjYij sin(αij + θj − θi)
∀i ∈ 1, 2, . . . , n. (14)
3.3.2. Inequality constraints
Inequality constraints in the OPF represent the technical
limitation of the active and reactive power generation of units,
apparent power flow of energy transmission lines, and voltage
magnitude limits of the buses as follows [2,9,16]:
PminGi ≤ PGi ≤ PmaxGi ∀i ∈ NG, (15)
QminGi ≤ QGi ≤ QmaxGi ∀i ∈ NG, (16)
|Sl| ≤
Smaxl  ∀l ∈ 1, 2, . . . ,NL, (17)Vmini  ≤ |Vi| ≤ Vmaxi  ∀i ∈ n, (18)
where NG is the number of generators; NL is the number of
energy transmission lines; and n is the number of buses.
In addition to the above-mentioned generation constraints,
limits of OUPFC andUPFC parameters are given in theAppendix.
3.4. Installation cost of FACTS
The cost of FACTS installation is calculated by the following
mathematical equation:
Investment cost = CFACTS
8760× 5 ($/h), (19)
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where CFACTS is the cost of FACTS installation in US $. Based on
the ABB and Siemens database, the cost functions for PST, UPFC
and OUPFC are developed as [9,10,17,18]:
CUPFC = (0.0003S2UPFC − 0.2691SUPFC + 188.22)× SUPFC × 1000, (20)
COUPFC = [(12× SPST )+ ((0.0003S2UPFC − 0.2691SUPFC+ 188.22)× SUPFC )] × 1000, (21)
where SFACTS is the operating range of the FACTS devices inMVA.
In this paper, a five-year period is applied to evaluate the cost
function, since the FACTS devices will be in-service for many
years.Figure 5: Standard IEEE 14-bus test system.
4. Case studies
During more than 99% of operating time, the focus of the
control system is on loss minimization [19]. Thus, in this
algorithm, the OPF with active power losses will be undertaken
without any FACTS in the system. Then, in the contingent
states, FACTS will be added to the network and its best
location will be specified, based on the objective function,
using the power flow. The objective function is chosen to
minimize the average loadability of all energy transmission
lines. The OPF and PF problems are implemented in MATLAB,
which is linked with GAMS, and which handles nonlinear
programming using a CONOPT solver to solve it. The IEEE 14-
and 30-bus test cases [20] are considered for this problem.
For each contingency, in these cases, average loadability before
FACTS, average loadability after optimal location of FACTS, best
location and the investment costs of FACTS are determined.
In addition, the execution time of the best place to install
FACTS for each contingency is specified. Finally, the energy
transmission lines are ranked according to the severity of the
contingency. The ranking of the contingencies is done according
to their calculated objective functions. Also, average loadability,
after the fixed location of FACTS and the investment cost of
FACTS, is determined. The flowchart of the proposed algorithm
is depicted in Figure 4.
4.1. IEEE 14-bus test system
The contingency analysis results for each line outage with
OUPFC/UPFC devices in an IEEE 14-bus test system are shown
in Table 1. Figure 5 shows the single line diagram of the IEEE
14-bus test system. FACTS devices would reduce the average
loadability of energy transmission lines under a single line
contingency. In the contingency rankings, line outage 7–9 is
ranked as first, which shows the highest average loadability on
all energy transmission lines. Results show that the investment
cost for OUPFC is far less than UPFC, and the execution
time for the optimal location of OUPFC is more than UPFC.
Optimal location of OUPFC and UPFC after OPF with minimum
active power losses is line 2–4. All lines except line 2–4 are
disconnected and results will be achieved with respect to the
fixed location OUPFC and UPFC. With regard to these elements
in a fixed location, average loadability will be reduced for some
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Line
outage
Average
loadability
before FACTS
Average
loadability
after
optimal
location
OUPFC/UPFC
Optimal
location of
OUPFC/UPFC
OUPFC/UPFC
size (MVA)
OUPFC/UPFC
investment
cost ($/h)
Execution
time (s)
Average
loadability
after fixed
location
OUPFC/UPFC
OUPFC/UPFC
size (MVA)
OUPFC/UPFC
investment
cost ($/h)
Rank
7–9 0.2811 0.2764 6–13 20.86 8.26 6.03 0.2908 8.16 3.19 10.2764 6–13 20.86 87.03 5.61 0.2908 8.16 34.66
6–13 0.2394 0.2307 9–14 19.80 17.32 4.30 0.2381 7.38 6.42 20.2328 1–5 39.73 161.47 4.09 0.2337 5.30 22.61
9–14 0.2344 0.2274 13–14 11.47 10.05 4.20 0.2394 11.99 3.77 30.2281 4–5 19.84 82.88 4.03 0.2420 5.32 22.67
2–3 0.2313 0.2232 2–4 52.97 38.29 5.05 0.2232 52.97 38.29 40.2283 3–4 25.83 107.01 4.44 0.2324 5.31 22.64
6–11 0.2278 0.2208 6–13 20.73 18.12 5.02 0.2272 16.57 12.79 50.2237 2–3 21.73 90.54 4.45 0.2240 5.30 22.61
4–5 0.2267 0.2153 2–3 20.74 18.13 4.59 0.2215 37.37 32.27 60.2215 2–3 37.44 152.63 4.12 0.2229 5.31 22.65
6–12 0.2256 0.2209 6–13 21.64 18.92 4.41 0.2277 11.46 6.21 70.2218 2–3 21.59 90.00 4.16 0.2246 5.31 22.64
4–7 0.2244 0.2214 1–5 42.64 29.49 4.55 0.2229 24.16 20.20 80.2214 1–5 42.64 172.59 4.33 0.2238 5.31 22.64
5–6 0.2236 0.2151 1–5 28.94 25.27 4.38 0.2161 10.56 9.25 90.2170 2–4 5.34 22.77 4.25 0.2170 5.34 22.77
2–4 0.2228 0.2201 2–3 26.16 22.86 5.25 – – – 100.2201 2–3 26.24 108.63 4.62 – – –
13–14 0.2224 0.2127 9–14 20.33 17.78 4.94 0.2193 18.75 16.40 110.2159 2–3 22.69 94.42 4.11 0.2168 5.30 22.62
2–5 0.2209 0.2211 6–13 12.61 9.68 5.48 0.2215 22.18 12.58 120.2211 6–13 12.61 53.23 4.52 0.2218 5.29 22.56
10–11 0.2193 0.2146 6–13 20.13 17.61 4.88 0.2188 15.12 8.55 130.2155 2–3 21.40 89.22 4.33 0.2177 5.31 22.63
12–13 0.2189 0.2146 2–3 21.85 19.10 4.42 0.2156 14.27 12.49 140.2151 2–3 21.49 89.58 4.19 0.2183 5.31 22.64
3–4 0.2181 0.2176 2–3 24.22 21.14 4.33 0.2186 20.03 16.39 150.2176 2–3 24.29 100.85 4.15 0.2196 5.29 22.57
1–2 0.2162 0.2140 4–5 45.48 16.57 4.33 0.2167 13.77 11.56 160.2140 4–5 45.48 183.36 4.09 0.2197 5.31 22.64
4–9 0.2159 0.2131 4–5 14.93 5.05 4.61 0.2183 18.00 15.75 170.2148 1–5 40.69 165.13 4.36 0.2156 5.31 22.66
1–5 0.2152 0.2137 2–3 28.86 25.21 4.19 0.2300 55.18 48.00 180.2300 2–4 55.18 219.56 3.97 0.2300 55.18 219.56
9–10 0.2143 0.2227 9–14 21.92 9.67 4.25 0.2251 14.17 8.58 190.2258 1–5 42.09 170.48 4.06 0.2277 5.31 22.67contingencies. In both cases of optimal and fixed locations,
in some contingencies, adding FACTS will increase average
loadability, which shows that the elements used for these
contingencies would not be effective.
4.2. IEEE 30-bus test system
The results of the single line contingency with OUPFC and
UPFC devices in an IEEE 30-bus test system are presented in
Table 2. Figure 6 depicts the single line diagram of the IEEE
30-bus test system. In the test system, FACTS devices would
reduce average loadability on all energy transmission lines
under a single line contingency. In contingency ranking, line
outage 28–27 is ranked as the most severe, which shows the
highest average loadability on all energy transmission lines.Also, results in the IEEE 30-bus test system show that the
investment cost for OUPFC is far less than UPFC, and that
execution time for the optimal location of OUPFC is more than
UPFC. Optimal location of OUPFC and UPFC after OPF with
minimal active power losses is line 2–5. All lines except line 2–5
are disconnected and results will be achieved with respect to
the fixed location OUPFC and UPFC. Note that, in this case, the
optimal location of FACTS devices in most contingencies is line
2–5. Thus, line 2–5 can be considered as the fixed location of
FACTS devices.
5. Conclusions
Under emergency conditions, FACTS devices can be imple-
mented to enhance system security. In this paper, the optimal
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Line
outage
Average
loadability
before
FACTS
Average
loadability
after
optimal
location
OUPFC/UPFC
Optimal
location of
OUPFC/UPFC
OUPFC/UPFC
size
(MVA)
OUPFC/UPFC
investment
cost ($/h)
Execution
time (s)
Average
loadability
after fixed
location
OUPFC/UPFC
OUPFC/UPFC
size
(MVA)
OUPFC/UPFC
investment
cost ($/h)
Rank
28–27 0.4072 0.3984 2–5 64.40 55.94 14.28 0.3984 64.40 55.94 10.3984 2–5 64.40 253.10 12.72 0.3984 64.40 253.10
9–10 0.3661 0.3625 2–5 47.04 22.67 11.47 0.3625 47.04 22.67 20.3605 2–5 30.57 125.83 10.97 0.3605 30.57 125.83
2–5 0.3497 0.3354 2–6 81.79 70.85 11.05 – – – 30.3485 5–7 27.51 113.69 10.34 – – –
12–15 0.3344 0.3339 2–6 46.73 17.30 11.09 0.3370 42.34 22.36 40.3302 2–5 20.19 84.32 10.42 0.3302 20.19 84.32
10–20 0.3270 0.3173 2–5 65.22 51.33 15.41 0.3173 65.22 51.33 50.3173 2–5 65.22 256.02 13.27 0.3173 65.22 256.02
10–21 0.3256 0.3221 2–5 48.50 37.73 11.72 0.3221 48.50 37.73 60.3195 2–5 33.62 137.79 10.97 0.3195 33.62 137.79
27–30 0.3238 0.3208 2–5 48.77 42.46 11.44 0.3208 48.77 42.46 70.3176 2–5 33.79 138.46 10.39 0.3176 33.79 138.46
4–6 0.3234 0.3036 2–6 82.33 71.31 14.39 0.3161 46.11 40.16 80.3054 2–5 91.66 347.53 12.31 0.3054 91.66 347.53
12–16 0.3223 0.3173 2–5 48.94 25.68 11.50 0.3173 48.94 25.68 90.3155 2–5 35.43 144.83 10.39 0.3155 35.43 144.83
15–23 0.3197 0.3154 2–5 48.46 24.87 11.58 0.3154 48.46 24.87 100.3132 2–5 34.21 140.07 10.30 0.3132 34.21 140.07
19–20 0.3194 0.3097 2–5 65.44 51.62 13.72 0.3097 65.44 51.62 110.3097 2–5 65.44 256.82 12.25 0.3097 65.44 256.82
1–2 0.3176 0.3133 1–3 38.98 33.99 10.55 0.3140 24.07 21.04 120.3092 2–5 43.75 176.80 10.39 0.3092 43.75 176.80
6–28 0.3165 0.3167 2–6 48.14 26.93 11.22 0.3186 44.13 38.45 130.3138 2–5 18.70 78.23 10.45 0.3138 18.70 78.23
12–14 0.3160 0.3113 2–5 50.19 40.66 11.83 0.3113 50.19 40.66 140.3096 2–5 33.72 138.19 10.62 0.3096 33.72 138.19
15–18 0.3138 0.3106 2–5 48.88 42.55 11.58 0.3106 48.88 42.55 150.3075 2–5 34.14 139.82 10.41 0.3075 34.14 139.82
25–27 0.3138 0.3048 2–5 65.14 51.25 14.95 0.3048 65.14 51.25 160.3048 2–5 65.14 255.74 11.59 0.3048 65.14 255.74
2–6 0.3132 0.3111 2–5 52.32 29.54 10.92 0.3111 52.32 29.54 170.3111 2–5 52.32 208.98 10.20 0.3111 52.32 208.98
22–24 0.3131 0.3088 2–5 50.09 40.75 11.88 0.3088 50.09 40.75 180.3070 2–5 33.51 137.36 10.84 0.3070 33.51 137.36
10–22 0.3128 0.3060 2–5 36.09 20.91 12.58 0.3060 36.09 20.91 190.3060 2–5 36.09 147.40 11.81 0.3060 36.09 147.40
8–28 0.3122 0.3081 2–5 49.77 40.26 10.84 0.3081 49.77 40.26 200.3060 2–5 33.55 137.51 10.30 0.3060 33.55 137.51
10–17 0.3121 0.3024 2–5 65.65 51.90 14.70 0.3024 65.65 51.90 210.3024 2–5 65.65 257.57 12.24 0.3024 65.65 257.57
3–4 0.3119 0.3046 2–5 64.04 55.61 11.27 0.3046 64.04 55.61 220.3034 2–5 58.90 233.17 10.91 0.3034 58.90 233.17
6–10 0.3108 0.3009 2–5 65.78 52.10 14.84 0.3009 65.78 52.10 230.3009 2–5 65.78 258.02 12.53 0.3009 65.78 258.02
27–29 0.3100 0.3055 2–5 50.23 41.42 11.80 0.3055 50.23 41.42 240.3040 2–5 33.70 138.11 10.86 0.3040 33.70 138.11
16–17 0.3098 0.3054 2–5 50.96 40.76 11.39 0.3054 50.96 40.76 250.3032 2–5 35.03 143.29 10.50 0.3032 35.03 143.29
21–22 0.3089 0.2990 2–5 66.17 52.55 13.28 0.2990 66.17 52.55 260.2990 2–5 66.17 259.43 11.61 0.2990 66.17 259.43
(continued on next page)
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Line
outage
Average
loadability
before
FACTS
Average
loadability
after
optimal
location
OUPFC/UPFC
Optimal
location of
OUPFC/UPFC
OUPFC/UPFC
size
(MVA)
OUPFC/UPFC
investment
cost ($/h)
Execution
time (s)
Average
loadability
after fixed
location
OUPFC/UPFC
OUPFC/UPFC
size
(MVA)
OUPFC/UPFC
investment
cost ($/h)
Rank
23–24 0.3087 0.3042 2–5 50.10 41.53 11.78 0.3042 50.10 41.53 270.3023 2–5 33.78 138.41 10.94 0.3023 33.78 138.41
6–9 0.3081 0.2984 2–5 65.75 51.97 14.23 0.2984 65.75 51.97 280.2984 2–5 65.75 257.93 11.47 0.2984 65.75 257.93
14–15 0.3069 0.2976 2–5 55.25 40.21 12.20 0.2976 55.25 40.21 290.2976 2–5 55.25 219.81 10.97 0.2976 55.25 219.81
18–19 0.3065 0.3017 2–5 47.37 24.58 11.97 0.3017 47.37 24.58 300.3002 2–5 33.93 139.00 10.64 0.3002 33.93 139.00
24–25 0.3054 0.2963 2–5 65.38 51.54 13.24 0.2963 65.38 51.54 310.2963 2–5 65.38 256.58 11.00 0.2963 65.38 256.58
29–30 0.3053 0.3007 2–5 47.17 24.33 12.39 0.3007 47.17 24.33 320.2991 2–5 33.61 137.76 10.92 0.2991 33.61 137.76
5–7 0.3044 0.3006 2–6 49.33 37.47 11.45 0.3059 10.92 4.01 330.3051 10–21 16.17 67.89 10.26 0.3062 21.32 88.90
6–8 0.3040 0.2935 2–5 68.20 55.09 15.59 0.2935 68.20 55.09 340.2935 2–5 68.20 266.66 12.98 0.2935 68.20 266.66
1–3 0.3035 0.3068 12–15 34.51 16.32 11.05 0.3336 48.23 41.99 350.2653 10–22 23.04 95.82 10.19 0.3177 5.05 21.55
2–4 0.3035 0.3028 2–5 56.44 29.97 10.98 0.3028 56.44 29.97 360.3002 2–5 38.51 156.78 10.39 0.3002 38.51 156.78
6–7 0.2988 0.3007 2-5 72.43 62.81 10.98 0.3007 72.43 62.81 370.3007 2–5 72.43 281.61 10.61 0.3007 72.43 281.61
4–12 0.2927 0.3018 10–21 41.80 15.96 11.02 0.3093 42.35 36.49 380.2813 27–30 1.34 5.74 10.45 0.3131 5.05 21.55Figure 6: Standard IEEE 30-bus test system.
location of FACTS devices is performed to minimize average
loadability on all energy transmission lines subject to different
single-line contingency states, while satisfying the operationalconstraints of the power system. Case studies have been imple-
mented using IEEE 14- and 30-bus test systems. Results indi-
cate the efficiency of the framework in enhancing the security of
the energy supply under a single line contingency. Also, simula-
tion results show that implementation of the OUPFC and UPFC
performance is approximately the same, while OUPFC invest-
ment cost ismuch less than that of UPFC, with the cost of higher
computational burden. Eventually, it is noted that the pro-
posed scheme for the placement of the FACTS devices is well-
suited for weak power systems that are almost in contingent
situations.
Appendix A
A.1. OUPFC data
−20◦ ≤ σ ≤ 20◦; 0 ≤ r ≤ 0.15; −π ≤ γ ≤ π;
XB = 0.007 p.u.; XE = 0.001 p.u.; Sbase = 100 MVA;
SOUPFC ≤ SmaxOUPFC ; SmaxOUPFC = 100 MVA.
A.2. UPFC data
0 ≤ r ≤ 1; XB = 0.007 p.u.; XE = 0.001 p.u.;
−π ≤ γ ≤ π; Sbase = 100 MVA; SUPFC ≤ SmaxUPFC ;
SmaxUPFC = 100 MVA.
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